Photoionization dynamics of the RNA base Uracil is studied in the framework of Density Functional Theory (DFT). The photoionization calculations take advantage of a newly developed parallel version of a multicentric approach to the calculation of the electronic continuum spectrum which uses a set of B-spline radial basis functions and a Kohn-Sham density functional hamiltonian.
Abstract
Photoionization dynamics of the RNA base Uracil is studied in the framework of Density Functional Theory (DFT). The photoionization calculations take advantage of a newly developed parallel version of a multicentric approach to the calculation of the electronic continuum spectrum which uses a set of B-spline radial basis functions and a Kohn-Sham density functional hamiltonian.
Both valence and core ionizations are considered. Scattering resonances in selected single-particle ionization channels are classified by the symmetry of the resonant state and the peak energy position in the photoelectron kinetic energy scale; the present results highlight once more the site specificity of core ionization processes. We further suggest that the resonant structures previously characterized in low-energy electron collision experiments are partly shifted below threshold by the photoionization processes. A critical evaluation of the theoretical results providing a guide for future experimental work on similar biosystems.
INTRODUCTION
Research on electron-and photon-molecule collision dynamics is of both fundamental [1] and practical [2, 3] importance, for it is needed in a broad variety of applications, ranging from the manufacturing of semiconductor devices to atmospheric chemistry and physics.
Theoretical studies are therefore needed not only for a fundamental understanding of the underlying dynamics, but also for the quantitative prediction of the appropriate data.
Following the pioneering work of Sanche and co-workers [4] , electron interactions with biologically important molecules such as amino acids and nucleotides, have gained prominence, as it was convincingly suggested that resonant mechanisms induced by non-thermal low-energy electrons could be related to DNA and RNA lesions such as single strand breaks (SSBs) and double strand breaks (DSBs) [4] .
Thus, the suggestion that metastable electron capture of the large amount of non-thermal secondary electrons produced upon the interaction of ionizing radiation with the cell environment [5] by the various DNA components could initiate the formation of SSBs and DSBs, stimulated a wealth of experimental work on electron collisions with gaseous [6, 7, 8, 9] and thin films DNA and RNA bases [10] . Recently theoretical studies have also given a better understanding of these insights [11, 12] .
Additionally, the notion of charge transfer and of electron flow along the π stack of nucleobases would benefit from the detailed knowledge of the response of the nucleotide moieties to excess negative charge [13] . Thus, the capability to stabilize an excess of charge in the nucleobases has been extensively investigated in recent years both experimentally and theoretically, (see for example refs. [13, 14, 15, 16, 17, 18, 19, 20, 21, 22] ) where electron attachment energies to several nucleobases including the title molecule where evaluated for the formation of both dipole-and valence-bound anions.
At variance with this promising and stimulating scenario, much less attention have been paid to the study of photoionization dynamics. In fact, even if the first measurement of the ionization potential (IP) of Uracil dates back to the late sixties [23] and since then UV and Xray photoelectron spectra were measured and interpreted by a large number of investigators (see for example, [24, 25, 26] , and references therein) none of these studies focused on the dynamical part of the photoionization process, namely, on the dependence of the intensity of the process on the incident photon energy (or, equivalently on the photoelectron kinetic energy) and on the photoelectron ejection angle for a given final target state. The first five bands of the photoelectron spectra have been unambiguously assigned and associated with the three highest occupied π and the two (oxygen lone-pairs) nonbonding orbitals (n), the ordering being π 1 , n 1 , π 2 , n 2 , π 3 from the top of the photoelectron spectrum respectively [24] , and the experimental ordering has been verified by theoretical semi-empirical and ab-initio CI calculations [24, 25, 26] and is being confirmed by the present work as well as we shall discuss below. High accurate gas phase ionization energies of Uracil, obtained by using electron-propagator methods have been published [27] and ionization energy thresholds in aqueous solutions have been discussed in even earlier work [28] .
The close connection between shape-resonances in electron-molecule scattering and those in molecular photoionization has long been recognized [29] . In fact, although the long-range part of the scattering potential is drastically different in the two cases, the short-range part, is actually quite similar, being dominated by the interactions between the nuclei and the electrons common to both collision complexes. Therefore, since shape-resonant states are localized within the molecular volume, these should maintain their identity from one system to the other, although shifted in energy owing to the less effective screening in the scattering potential of the neutral molecule compared to that for the positive ion target. As a rule of thumb, therefore, photoionization shape resonances should have their counterparts in electron-molecule scattering experiments, albeit shifted by ∼ 10 eV to higher electron energy [30] .
The aim of the present study is to characterize, for the first time at the DFT level, both the outer valence and inner-shell photoionization dynamics of the Uracil molecule in a broad energy range, from threshold up to 100 eV of photoelectron kinetic energy. The method we use is essentially a one-electron method, thus we are unable to explicitly account for the variety of many-body effects inherently displayed in the complexity of electronand photon-molecule collisions both at low and high energies [31] , but it has consistently afforded a realistic description of one-electron resonant processes (for a review see ref. [32] ).
Further, its LCAO version [33] is applicable to fairly large molecular systems with a markedly lower computational cost when compared to earlier, realistic independent-electron ab-initio methods [30] .
The paper is organized as follows: the next two sections describe our theoretical method and the computational details. In Section IV we will discuss our results for the core-and outer-valence ionizations. Our conclusions and perspectives are then summarized in the final section.
COMPUTATIONAL METHOD
Dynamical quantities describing the photoionization process from Uracil are calculated in the framework of the DFT approach, by employing a Fortan90 suite of codes fully described in earlier publications [33, 36] so we only sketch here their salient features. The present formulation affords a one-electron picture of the scattering process, thereby casting the collisional problem as given via the use of an effective potential according to the KohnSham scheme [37] . The escaping electron is deflected by such a potential containing the molecular ground state density, ρ( r), and conventionally separated into direct (Hartree), V H and exchange-correlation, V xc terms:
with
The interaction potential is then expanded in a composite basis set, whose nature constitute the key-feature of the present LCAO approach [33] . The LCAO basis set consists in a large single center expansion (SCE) located at a chosen origin (usually the center of mass of the molecule)
and supplemented by functions of the same type, located on the off-center arbitrary posi-
In Equation (4) 
corresponding to minimum modulus eigenvalues [33] . In Eq. (5) A(E) = H − ES, H and S being the hamiltonian and overlap matrices over the LCAO basis set respectively.
Diagonalization is efficiently performed with the inverse iteration procedure [40] . Partialwave independent solutions of Eq. (5) are then normalized to incoming wave boundary conditions [41] and partial cross sections and asymmetry parameters are evaluated with standard expressions [42] .
COMPUTATIONAL DETAILS
The DFT calculations have been executed as follows. The ground state electron density of Uracil at the experimental equilibrium geometry [47] for its diketo form [48] and assuming a C s symmetry, was calculated with the ADF package [49, 50] employing an all-electron double-ξ plus polarization (DZP) basis set of Slater-type orbitals, taken from the ADF database. Such a density is then used to build the h KS hamiltonian (Cfr. Eq. (1)). The LB94 xc potential [51] has been used because of its correct asymptotic behavior [52] .
The fixed-nuclei photoionization calculations used an SCE expansion up to l 
RESULTS AND DISCUSSION
In this section we will present and discuss photoionization cross sections and asymmetry parameters profiles calculated with the LCAO DFT scattering code for selected orbital ionizations. Specifically the K 1s ionizations of Oxygen Nitrogen and Carbon atoms, and the outer-valence ionizations giving rise to the first five resolved bands of the photoelectron spectrum [24, 25, 26] . Although results have been obtained also for inner-valence orbital ionizations we will not attempt to discuss and rationalize them here, since single-electron approximation based theories are well-known to loose of their predictive power in the innervalence region of the spectrum. (magari mettere su un documento EPAPS?) Figure 1 reports the chemical structure of Uracil and the numbering scheme adopted in the present work, while the experimental IPs [24, 25, 26] are reported in Table I , together with theoretical values taken from the literature [27] , and results of DFT bound-state calculations using two different xc potentials and ground-state (core ionizations) or transition-state (valence ionizations) configurations. Focusing on the core IP's, fair agreement is found between experimental [56] and ground-state LB94 IP's, the latter being systematically overestimating the core IP's energies by as much as 5 eVs. Nonetheless, the LB94 ground-state calculations are able to account for the small differences among the various C 1s IP's, in other words the chemical shifts of carbon atoms are nicely reproduced, as usually found when applying DFT to core ionizations of large molecules (see e.g. [57] ). The observed trend in the chemical shifts is readily rationalized by considering the bond connectivity of the carbon atoms, in particular with the more electronegative nitrogen and oxygen centers. These results once more underline the peculiarity of core ionization studies to provide qualitative informations of both electronic and structural type, pertaining to the different sites probed by core ionization.
For the five outermost valence IP's there is a broad agreement between theoretical results and experimental data: use of the Becke-Perdew [54, 55] xc potential and the transitionstate procedure with a TZP basis set has allowed to account fairly well of relaxation and correlation effects, giving results of comparable quality of those obtained with the P3 AbInitio procedure [27] .
Photoelectron dynamics of core ionizations
The LCAO-DFT partial cross section and asymmetry parameter profiles for the core ionizations, Oxygen 1s (1a and 2a ionizations), Nitrogen 1s (3a and 4a ionizations) and Carbon 1s (5a through 8a ionizations), are plotted in Figure 2 and Figure 3 respectively.
The dynamical observables are plotted on the photoelectron kinetic energy scale because it will prove convenient for the purpose of identifying striking similarities in the scattering dynamics for the various final ionic states. One readily sees that the two Oxygen 1s ionization cross sections behave similarly, due to nearly identical initial states (upper left frame of −1 continua, rather than in the N 1 one, where the cross section is more structured toward threshold. In the lower frames of Fig. 2 we have reported the cross section profiles for the four C 1s −1 ionizations. These are conveniently plotted in two separate groups, according to the similarities or differences shared in their near-threshold behavior. Thus one can easily find marked analogies in the 5a and 6a partial cross sections over the whole electron kinetic energy range: both display a fairly strong resonant peak at about 7 eV and a weaker one at about 14.1 eV, after which the two profiles can be nearly superimposed 
Photoelectron dynamics of outer valence ionizations
The LCAO-DFT partial cross section and asymmetry parameter profiles for the outermost photoelectron band orbital ionizations are plotted in Figures 4 for the π orbitals (3a , 4a
and 5a ) and in Figure 5 for the (oxygen lone pairs) nonbonding n orbitals (23a and 24a ).
As anticipated, the richness of resonant features characterizing the inner-shell ionizations is partially lost when moving to the outer-valence ionizations, even if strong and well defined features clearly show up in at least two continuum channels (corresponding to the 4a and 23a ionizations, central and upper panels of Fig. 4 and Fig. 5 respectively) . Focusing our attention to the π ionizations ( Figure 4 ) the cross section profiles share a common behavior: a steep rise toward threshold and a rapid monotonic decrease for higher excitation energies. However, only in the 4a continua above-threshold shape resonances are found, where both the a and a channels are predicted to be resonant. Partial and total cross section profiles for the photoionization out of the 3a orbital rise steeply at threshold, without any noticeable slope change, and a resonant state, albeit very close to threshold is visible in the a continuum of the 5a ionization and is barely apparent in the summed profile (lower left panel of Figure 4 ). The corresponding asymmetry parameters, also plotted in Figure 4 are almost featureless, with the exception of that corresponding to the 4a ionization which displays a near-threshold oscillation typical of the formation of a resonant state, as discussed above.
Partial and total cross sections for the remaining two valence ionizations considered (23a and 24a orbitals) are predicted to be quite more structured and are plotted in Figure 5 .
Both cross sections show strong oscillations near threshold in the a continuum, and a rather broad peak above 30 eV in the a channel. Similarly, the asymmetry parameter profiles are rather structured, both at low and high photon energies. Table II lists, for every orbital ionization analyzed so far, the peak energy positions (on the photoelectron kinetic energy scale) and the symmetries of the resonant states identified.
Correlation with electron-molecule scattering experiments
As readily apparent from Table II , computed photoionization dynamics of Uracil reveals a wealth of near-threshold structures, especially in core ionizations. For core ionizations several resonant states show up at roughly the same energy positions into several final target state channels. This is the case, for example, for the resonant a states with peak energy positions at about 7 eV, 14.1 eV and about 34 eV of photoelectron kinetic energy. As an attempt to correlate computed photoionization resonant states with those found in electron-molecule scattering calculations [11, 12] we then decided to analyze the resonant wave functions by inspecting the dipole-prepared continuum wave function [34] . Therefore the continuum wavefunction corresponding to the symmetry and peak energy positions listed in Table II have been transformed accordingly [34] and analyzed. Nearly all the pseudo-bound states are diffuse in nature, extending thorugh the whole molecular skeleton. Also no hint of resonant states that could be correlated with the metastable anionic state experimentally found at about 9 eV in electron-scattering experiments were found. This is quite expected in view of the different nature of the interaction potential in photoionization compared to electronneutral target collision processes. We are therefore led to the conclusion that all relevant resonant states characterized in low-energy electron collision processes [11, 12] , shift below threshold in photoionization. For the purpose of comparison with the present study it would be interesting to investigate higher energy electron-collision processes; modeling these high energy interactions proves however a more difficult theoretical task since electronic excitation channels need to be considered as well.
Finally, one last comment about our theoretical results should be made. Since vibrational couplings are completely neglected in our treatment of the photoionization dynamics and those invariably shorten the life-time of metastable resonant states, a broadening of the resonant structures will result with the consequence that the beautiful structuring of core ionizations cross sections predicted in the framework of the fixed-nuclei approximation will be partially lost. 
